Fallica, "Characterization of a fiber-less, multichannel optical probe for continuous wave functional near-infrared spectroscopy based on silicon photomultipliers detectors: in-vivo assessment of primary sensorimotor response," Neurophoton. Abstract. We report development, testing, and in vivo characterization of a multichannel optical probe for continuous wave (CW) functional near-infrared spectroscopy (fNIRS) that relies on silicon photomultipliers (SiPMs) detectors. SiPMs are cheap, low voltage, and robust semiconductor light detectors with performances analogous to photomultiplier tubes (PMTs). In contrast with PMTs, SiPMs allow direct contact with the head and transfer of the analog signals through thin cables greatly increasing the system flexibility avoiding optical fibers. The coupling of SiPMs and light-emitting diodes (LEDs) made the optical probe lightweight and robust against motion artifacts. After characterization of SiPM performances, which was proven to provide a noise equivalent power below 3 fW, the apparatus was compared through an in vivo experiment to a commercial system relying on laser diodes, PMTs, and optical fibers for light probing and detection. The optical probes were located over the primary sensorimotor cortex and the similarities between the hemodynamic responses to the contralateral motor task were assessed. When compared to other state-of-the-art wearable fNIRS systems, where photodiode detectors are employed, the single photon sensitivity and dynamic range of SiPMs can fully exploit the long and variable interoptode distances needed for correct estimation of brain hemodynamics using CW-fNIRS.
Characterization of a fiber-less, multichannel optical probe for continuous wave functional near-infrared spectroscopy based on silicon photomultipliers detectors: in-vivo assessment 
Introduction
Near-infrared (NIR) light can be applied to investigate human brain functional activity (functional near-infrared spectroscopy, fNIRS). 1, 2 fNIRS measures NIR (650 to 950 nm) light that travels through the brain tissue and it estimates fluctuations in the concentration of oxy-(O 2 Hb) and deoxyhemoglobin (HHb) in the cortex. 3 These fluctuations are related to neural activity through the neurovascular coupling mechanism [blood oxygen level dependent (BOLD) effect]. 4 O 2 Hb and HHb are the main chromophores that fluctuate in the NIR spectral range and they provide different absorption spectra. These characteristics, together with the water's low absorption and the high diffusive properties of biological tissues, allow estimating O 2 Hb and HHb concentration, and oscillations employing light sources and detectors located on the same investigation surface (the scalp, backscattering geometry 5 ). In the last two decades, fNIRS has become a diffused brain imaging modality, suited for investigation in multiple populations and experimental conditions. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] fNIRS has multiple advantages when compared to other neuroimaging modalities that measure brain hemodynamics, such as functional magnetic resonance imaging (fMRI) and positron emission tomography (PET). fNIRS has cheap hardware, it is robust against motion artifacts, it does not impose major physical constraints, and it does not involve exposure to high-magnetic fields and/or ionizing radiations.
Different technologies have been developed for fNIRS. Three main classes can be identified: time-domain (TD), 18 frequency-domain (FD), 19 and continuous wave (CW) 20 recording systems. TD systems use very short pulses of light (of the order of few picoseconds) and they can measure the distribution of photons' arrival time. TD instruments provide the highest amount of tissue optical properties information (both absolute and differential). However, these instruments are very expensive and are, therefore, generally limited to only a few source-detector pairs, severely limiting brain coverage capabilities. FD systems use light modulated at radio frequencies (>50 MHz). They can provide information about the optical properties of the tissue (both absolute and differential) 19 by measuring light attenuation and phase delays. However, they are more expensive and technologically complex than CW systems. CW systems measure the CW component of light that traveled through the investigated tissue. CW systems provide estimates of hemoglobin and oxygenation changes over time but they do not provide absolute estimation of tissue optical properties. However, because of the cheap and simple characteristic of this technology, and the focused interest in hemoglobin fluctuations for functional brain imaging, they are the most common systems by and large.
fNIRS measures are sensitive to optical phenomena occurring within volumes that have approximately the shape of curved spindles ("bananas"), whose size and position in the head is determined by the location of light sources and detectors on the scalp, as well as the high diffusive optical properties of the head structures. 21 Because light sensitivity decays exponentially (within few cm) from the given source-detector couple (channel), fNIRS provides good localization capabilities. However, multiple optodes (sources and detectors) must be employed in order to investigate the region of interest and to create a reasonable coverage of the brain cortex. Moreover, high-density, multiple source-detector distances, optical arrays (with distances ranging from ∼1.5 cm up to ∼6 cm), must be employed in order to discriminate between intra-and extracerebral (scalp-related) hemoglobin oscillations 22, 23 and to create volumetric functional images [diffuse optical tomography (DOT)]. 21, [24] [25] [26] This implies that for both channel-based fNIRS and DOT fNIRS, a high numerosity, multidistance optodes configuration is required in order to achieve a good sensitivity, localization power, and cortex "field of view."
Typically, fNIRS measurements are performed by placing optical fibers on the skin for signal delivery and collection. Optical fibers are then connected to sources and sensitive detectors. Optical fibers are useful since they can be used to electrically isolate the subject, or whenever the fNIRS instrument must be placed at a certain distance (e.g., when performing simultaneous fMRI and fNIRS measurements). However, optical fibers introduce constraints to fNIRS. When employing optical fibers, it is difficult to keep a stable optode to scalp coupling and to dampen the effect of movement artifacts and ambient light. Moreover, a high number of fibers and fiber bundles 27 (the bundles are required to detect enough light from the head surface) cause a loss in the lightweight properties of fNIRS reducing flexibility and often restricting the measurements to a laboratory environment.
Indeed, the ideal solution should be to place the detector directly in contact with the skin in order to avoid the use of optical fiber. 28 State-of-the-art wearable CW-fNIRS systems employ photodiodes for light detection, however, their sensitivity and dynamic range are poor and these systems are generally limited to a few sparse optodes with fixed source-detector distances. [29] [30] [31] In fact, the use of sensitive detectors, such as photomultiplier tubes (PMTs), does not allow locating detectors directly on the scalp.
The use of PMTs is impractical in real-life operations since they are bulky, fragile, and operate at high voltages. Recently, high-sensitivity solid-state detectors, such as single-photon avalanche diodes, have been applied for fNIRS but this solution is not optimal since the detector area is very small.
In the last year, silicon photomultipliers (SiPMs), initially developed as a photon-number resolving detector for highenergy physics applications (e.g., PET scanners, Cherenkov telescopes), 32 have been proposed for biomedical applications 33 including fNIRS. [34] [35] [36] SiPMs are pixelated photodetectors of APDs working in Geiger mode. 37 Compared to other semiconductor photodetectors, SiPMs present major advantages of sensitivity, high internal gain, and speed of response. 32, 38, 39 SiPMs provide a much higher responsivity, ∼3 to ∼5.5 orders of magnitude, 36 than standard photodiodes or APDs. Compared to PMTs, SiPMs are much more compact and easy to handle, have much lower operating voltage, and are mechanically robust, optically resistant, and electrically reliable.
Here, we present a developed multichannel, multidistance, source time-multiplexed, CW-fNIRS device that relies on an optical probe constituted of three SiPM detectors and four LEDS sources (two injection points, two sources for each light injection location at 735 and 850 nm wavelengths). The optical probe is similar to that of an EEG system, where many probes (SiPM detectors and LED sources instead of electrodes) are located on the head and the analog signal is transferred via thin cables to a benchtop acquisition system.
Although the probe provided a limited number of optodes, it encompassed the required characteristics of a SiPMs-based CW-fNIRS system and it can be easily expanded. The sources and detectors were located directly on the scalp in a multidistance configuration. The overall optical probe covered 30 cm 2 . The system was first characterized, and its linearity and signalto-noise ratio (SNR) capabilities were addressed. The system was further tested in vivo on a subject undergoing a motor task (right hand finger tapping). The probe was located over the contralateral primary sensorimotor cortex and the retrieved hemoglobin changes were compared with results obtained using a commercial system (ISS Imagent™, Champaign, Illinois) and an identical optical probe geometry. The commercial system employed laser diodes and multimode fibers for light injection, and fiber bundles and high voltage PMTs for light detection.
Methods

System Setup
Silicon photomultipliers and light-emitting diodes
Large area N-on-P SiPM detectors manufactured at STMicroelectronics clean room facilities were employed [ Fig. 1(a) ]. The devices were fabricated on p-type silicon epitaxial wafers and formed of n þ -p microcells. The quenching resistor, made from low-doped polysilicon, was integrated inside the cell. Thin optical trenches filled with oxide and metal surrounded the microcell active area in order to reduce the electrooptical coupling effects (crosstalk) between adjacent microcells. Details on the manufacturing method of STMicroelectronics SiPM technology are reported elsewhere. 40, 41 Even if not yet commercialized, ST SiPM performances are comparable to those of similar technologies available on the market 42-44 in terms of gain, photon detection efficiency (PDE), and dark noise rate. N-on-P SiPMs were chosen for CW-fNIRS application because of their higher PDE in visible-NIR wavelength ranges when compared to the P-on-N version of the technology. 40, 45 SiPMs had a total area of 4.0 × 4.5 mm 2 and 4871 square microcells with 60-μm pitch. The devices had a geometrical fill factor of 67.4% and were packaged in a surface mount housing (SMD) with 5.1 × 5.1 mm 2 total area. The SMD package was sealed by an epoxy resin transparent to the visible and NIR light with a refractive index of about 1. index of 1.5 at 20°C, 700 nm cut-on wavelength, and an optical transmission higher than 90% in NIR range was glued on the SMD package by using a Loctite ® 352™ adhesive. The NIR filter reduced the absorption of environmental light of more than 85% in the linear operation range of the detector, thus consistently increasing SiPMs' sensitivity, especially for very weak photon fluxes. Moreover, the use of the filter produced a considerable decrease of the SiPM dark current, 46 due to the reduction of optical cross talk effects triggered by secondary photons emitted in the visible range. Both these effects resulted in a higher SiPM SNR in a wider range of operation conditions, including high operation bias. With the filter, a maximum PDE of about 25.5% was measured at 735 nm and 3 V overvoltage above the SiPM breakdown voltage (∼27 V). A residual PDE lower than 0.1% was measured below 600 nm, confirming the good light blocking properties of the filter in the visible range. 47 Epitex bi-color SMT735 AlGaAs LEDs in SMD package emitting at 735 and 850 nm wavelengths were employed as optical light sources. The LEDs had an area of 2.6 × 4.5 mm 2 , viewing angle of 55 deg, average spectral bandwidth of 20 nm at 735 nm and 35 nm and 850 nm emission wavelength. The average power emission ranged from 1 to 20 mW. Both the SiPMs and LEDs boards were electrically isolated through plastic containers, resin, and optical filters.
Optical probe and system architecture
SiPMs were mounted on a small PCB, about 1 cm 2 large [ Fig. 2(a) ], containing only the detector and passive components (a 1-kΩ sensing resistor and a 100-nF filter capacitor). These small boards were connected to the acquisition electronics with flat cables 2 m long. Similarly, each dual wavelength LED was mounted on a small PCB, with the same connection layout [ Fig. 2(a) ]. The boards were glued on a piece of dark fabric with an optode layout reported in Fig. 2(b) . In order to have a probe with a smooth front surface, a sheet of black rubber was applied, with suitable holes in correspondence with sources and detectors. The thickness of the rubber, even compressed, was higher than those of LEDs and SiPMs, to assure optical isolation between sources and detectors. This very simple probe was highly flexible and comfortable. The electrical scheme is shown in Fig. 3 . The LEDs were connected, through resistors, to a function generator providing a multiplexed square pulse (left side of Fig. 3 ). SiPMs (right side of Fig. 3 ) were connected to a RC integrator. The integrator time constant was chosen as 0.15 ms to be in the range of the recording oscilloscope sampling frequency of 10 kHz. The RC integrator acted as a low-pass filter rejecting high frequency (≫10 kHz) signals across the R 1;2 resistors to the oscilloscope input. Measured SiPMs photocurrent was in the range between 5 and 50 μA, which corresponded (with R 1 ¼ R 2 ¼ 15 kΩ) to a signal in the range 0.1 to 1 V, easily measured by the digital oscilloscope (Tektronix TPO 7500, 1 GHz).
LEDs were switched on and off at a frequency of 20 Hz. One phase was dedicated to the dark count recording. For each phase, in which either only one color LED was on and all the others were off, or the LEDs were all off for dark current measurement, the same time interval was used. The time dedicated to each phase per cycle was 10 ms. SiPMs were biased with the cathode at þ30 V while the anode was connected to the filtering circuit described above. The SiPMs' signals recorded by the oscilloscope were averaged in each phase of the cycle, i.e., in 10-ms time intervals.
System Characterization
SiPM devices, as described in Sec. 1.1.1, were characterized in terms of response linearity together with the system noise equivalent power (NEP). For this purpose, both a CW laser source operating at 660 nm and the LEDs used for the in vivo measurements (Sec. 1.1.2) were employed. To study the detector sensitivity upper limit and linearity, the signal was collected by a Keythley 236 source-meter unit in the laser configuration acquisition, whereas, in order to study the detector and system minimum sensitivity, the same configuration employed for in-vivo measurement was utilized (Sec. 1.1.2). In the first configuration, the pump light intensity was monitored by a calibrated photodetector (Newport, 1936-R) and it was varied by using a concave lens and by changing the lens/detector distance. In the second configuration, the pump light impinging on the SiPMs was kept constant at Pow ¼ 2 pW (10 pW∕cm 2 ) while dark count variability was assessed as a function of sampling frequency of the system.
The dark count variability was estimated as the standard deviation (SD) of the signal over an integration time that was dependent on the sampling frequency.
SNR was measured relying on signal and dark count variability and NEP was estimated as follows:
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 1 ; 3 2 6 ; 5 7 6 NEP ¼ Pow SNR :
SiPMs temperature was fixed by using a thermostatic stage. SNR was finally estimated in vivo at the distances employed by the optical probe.
Commercial System
The SiPMs-LEDs system was compared with a commercial fNIRS oxymeter through an in vivo experiment. The commercial NIR spectrometer from ISS (Imagent™, Champaign, Illinois) was employed.
The apparatus is a FD system equipped with 32 laser diodes (∼1 mW power, 16 emitting light at 690 nm and 16 at 830 nm) and 4 PMTs (bias range: −300: −1000 V). Both the laser diodes and PMTs are modulated in the radiofrequency range at slightly different frequencies (110 MHz for photodiodes and 110.5 MHz for PMTs). The two different frequencies allow for heterodyne detection of an electrical signal at 5-kHz modulation. The signal was digitalized and a windowed fast Fourier transform was applied over time. Only the DC component of the FFT was estimated in order to compare the results in a CW operation mode. Four light sources (two injection point and two wavelengths) and three detectors were employed for the measurement. Timemultiplexing was employed for source coding with each source left on for 12.5 ms, and a system sampling frequency of 20 Hz. Light was sent to the scalp using multimodal optical fibers (0.4 mm core) and from the scalp back to the PMTs using fiber bundles (3 mm diameter). The fibers were held in place using soft, but rigid, custom-built optical patch with a same optical layout employed for the SiPMs-LEDs system that is depicted in Figs. 2 and 3. 
In-Vivo System Assessment
Measurement protocol
After being informed about the methodologies and outcomes of the study, the subject provided informed consent to the measurements. The procedures used throughout the study were performed in agreement with the ethical standards of the Helsinki Declaration, 1964, and were approved by the local Human Board Review and Ethical Committee.
The recordings with the two systems were identical but asynchronous in time.
The subject (right-handed) C3 location (based on the 10 to 20 system) was identified and the optical patches are located, as reported in Fig. 6 . The subject set comfortably on a chair and performed a right-hand finger tapping task locked to an auditory stimulation ("start," "stop" commands). The task was performed for four consecutive runs. Each run was constituted of 40 s of rest and alternating 20 s task and 20 s rest trials for four times. The procedure was repeated for the two different systems. The overall experiment involved 32 finger tapping tasks (16 per system).
Data analysis
The raw signal for each of the eight runs (four runs per apparatus) was extracted from the two fNIRS systems. While the commercial system already provided raw signals divided by source and detector, the in-house system required offline separation of each source contribution on each of the detector signals sampled at 10 KHz. Each of the four sources time course was extracted based on the time-multiplexing scheme by integrating each source signal during the "on" period. The final sample rate for the extracted signals was 20 Hz, in accordance with the commercial system.
The following analysis was shared by the two systems and optical densities (ODs) were computed. OD is defined as follows:
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 2 ; 6 3 ; 1 9 1 OD ¼ − ln IðtÞ
where IðtÞ is the time dependence of the recorded signal intensity and I o is its initial value. A movement artifact correction procedure was further applied. 48 In order to highlight brain hemodynamics frequencies, 0.2-Hz low-pass and 0.01-Hz high-pass, zero-lag, fifth order Butterworth digital filters were applied.
Variations in the concentration of oxyhemoglobin and deoxyhemoglobin were derived from each channel (two sources-one detector couple) based on the modified Lambert-Beer law: 49 E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 3 ; 3 2 6 ; 7 1 9
where O 2 Hb and HHb represent the changes in oxyhemoglobin and deoxyhemoglobin concentration, respectively, ρ is the interoptode distance, ε and DPF are, respectively, the extinction coefficients for the two chromophores and the differential pathlength factors at the wavelengths of interest (λ 1 and λ 2 ). The extinction coefficients of the two forms of hemoglobin at the different wavelengths (four wavelengths, two per system) were extracted from Zijlstra et al. 50 For each finger tapping trial, O 2 Hb and HHb responses were selected from 10 seconds prior to the task up to 10 s after the task and baseline corrected based on the rest period before the task. 16 trials (4 per runs) were obtained for O 2 Hb and HHb in each channel for each system, and average responses and related variabilities were assessed. In order to compare the hemodynamic estimates between the two systems, the covariance metrics between average O 2 Hb and HHb with a standard hemodynamic response to the task were assessed 48, 52 [ Fig. 7(a) ]. The covariance metric allowed summarizing information of both shape and intensity of hemodynamic response for each channel, hemoglobin form and system. The comparison between the two systems was performed via a correlation analysis and a BlandAltman plot of the covariance metrics considering channel and hemoglobin forms as samples. 53, 54 3 Results
System Characterization
The first configuration allowed us to study SiPMs linearity and to obtain an upper limit of the measurable optical power. Figure 1(b) reports the average SiPMs photocurrent as a function of optical intensity measured at 25°C at 28, 29, and 30 V, with an avalanche break down occurring at 27.7 V. The apparent loss of linearity in the logarithmic plot for small optical intensity clearly depended on the offset introduced by the dark count rate (black circles). In fact, by subtracting the dark count rate [ Fig. 1(c) ], the linearity range increased. The upper limit was caused by the SiPMs pixel dead time related to the bias recharge after avalanche, which is limited by the RC constant of the quenching resistor of about 100 ns. 36 The lower limit of the SiPMs and system sensitivity (NEP) was measured with the recording apparatus and configuration employed in-vivo (second configuration). −2.5 fW (5 × 10 −15 W∕cm 2 to 1.6 × 10 −14 W∕cm 2 when considering SiPMs surface area) for both wavelengths (10-kHz recording bandwidth). Although slightly depending on wavelength and sampling frequency employed, the estimated system NEP was below 3 fW. Figure 5 reports an example of signals from 1 LED at 850 nm recorded by the three SIPMs. Data were taken in vivo at rest, and they were estimated with an integration time of 10 ms. The average current was subtracted to expose physiological signals, such as heart rate and Mayer waves. 23 These signals cause similar optical modulations when compared to the BOLD effect. The high SNR is evident. SNR was also estimated directly in vivo with LEDs multiplexing at 20 Hz and interoptode distances described above. Although fNIRS SNR may vary substantially depending on the regional tissue transparency, the interoptode distance, the presence of hairs, etc., at 10 kHz sampling frequency (which is the frequency used during the task reported in this work), the average SNR of the SiPMs resulted to be ∼65 dB.
In-Vivo System Assessment
Average O 2 Hb and HHb responses to the motor task and related standard errors for the six channels employed and the two systems are reported in Fig. 6 . The task period is identified in time by the two vertical black lines. Clear similarities are visible between the estimated hemoglobin responses of the two systems. Notably, the short interoptode distance channel (Ch. 4), the one theoretically minorly sensitive to brain hemodynamic response, was the one with the smallest hemoglobin variations when compared to baseline for both systems.
However, because of the asynchronous measurements and the intrinsic variability of the physiological signal recorded, the hemoglobin responses between the two systems were not identical. In order to investigate similarities/dissimilarities between the two systems estimated BOLD responses, the metric of covariance between a standard hemodynamic response and the measured hemoglobin responses to the task was employed [ Fig. 7(a) ]. The absolute covariances obtained for each system (6 from O 2 Hb and 6 HHb, 12 total) were compared through a correlation analysis and a Bland-Altman plot. Figure 7 (b) reports the scatterplot of covariances for the six channels and the two forms of hemoglobin (12 points) considering the two systems. A high correlation was found (r 2 ¼ 0.84, p < 0.01). Figure 7 (c) reports the Bland-Altman plot of covariances for the two systems. The differences in the covariance metric are reported as a function of the average of the covariance metric. Importantly, no significance distance from 0 was found for the average difference (p ¼ 0.66). Moreover, no points above and below 1.96 SD were found (1.96 SD considers a confidence intervals of 95%), indicating no significant effect of the average response on the difference in responses between systems.
Discussion
fNIRS is increasing its popularity as a neuroimaging procedure. 1 fNIRS historically relies on optical fibers to bring and collect light to and from the scalp. This characteristic provides the advantage of keeping the optical instrumentation away from the measurement, electrically isolating the subject. Moreover, it allows employing highly sensitive light detectors, such as PMTs (which are bulky and work at high voltages).
Because light sensitivity decays exponentially (within few centimeters) from the source-detector couple, fNIRS has the advantage to provide local information regarding brain activity, especially when compared to other scalp-based neuroimaging modalities, such as EEG or MEG. 21 However, this aspect makes the technology dependent on multiple optodes (sources and detectors) at multiple interoptode distances when accurate investigation of the region of interest is required. Multiple optodes at multiple (short and long, from ∼1.5 cm up to ∼6 cm in adults) distances are required for fNIRS in order to estimate effects of scalp related hemodynamic, to create a decent coverage of the brain cortex, and possibly to perform volumetric image reconstruction (DOT). In fact, fNIRS is definitely moving toward high-density optode layouts for neuroimaging investigation. 24 However, a high number of fibers and fiber bundles increases the difficulties to provide a good optode to scalp coupling and it inevitably causes a loss in the lightweight properties of fNIRS, often restricting its usage to a laboratory environment.
A possible solution to these problems is to place sources and detectors directly on the scalp transferring the analog signal via thin cables to the acquisition system and avoiding optical fibers. Semiconductor light detectors are suitable for such a purpose. State-of-the-art wearable CW-fNIRS systems employ LEDs for light probing and photodiodes for light detection. However, photodiodes sensitivity and dynamic range are poor and, considering that light decays in tissue ∼1 decade∕cm, wearable systems are generally limited to a few sparse optodes at fixed source-detector distances. [29] [30] [31] Highly sensitive semiconductor light detectors, such as SiPM, 55 directly located on the scalp, could be suitable for future high-density, accurate and lightweight, fNIRS systems.
We presented and characterized a multichannel, multidistance, CW-fNIRS optical probe (Figs. 2 and 3 ) that relied on multiple SiPMs (three detectors, STMicroelectronics), and multiple LEDS (four sources, two injection points, two sources for each injection location at 735 nm, 850-nm wavelengths) for a total of six fNIRS channels. The probe provided a limited number of optodes, but, since the optical patch was limited in space, it encompassed the required characteristics of a highdensity multidistance CW-fNIRS system and it can be easily expanded.
Notice that, although proof-of-concept of SiPM-based CWfNIRS systems was provided before, 34, 36, 55 to the best of our knowledge, this is the first report of a multichannel, source time-multiplexed, SiPM-based CW-fNIRS system employed for an actual in vivo hemodynamic brain activity measurements.
The SiPMs were first characterized in linearity and dynamic range using two controlled experiment (Figs. 1 and 4) . They showed an upper sensitivity limit of 10 −6 W∕cm 2 with a minimum sensitivity limit when coupled with the acquisition system of 10 −14 W∕cm 2 (NEP below 3 fW considering the detector area) at a low operating voltage of ∼30 V. This dynamic range would allow spanning interoptode distances of many centimeters.
NEP value measured in this work is much lower than other state-of-the-art wearable fNIRS systems 56, 57 (NEP of ∼400 fW). NEP improvement of two orders of magnitude is directly related to the higher SiPM sensitivity when compared to standard photodiodes (or APDs) in the wavelength range of interest (700 to 850 nm). These results were obtained with a highly flexible and lightweight probe due to the small (∼1 cm 2 ) boards required for LEDs and SiPMs.
It should be highlighted that the operating voltage of the SiPM (30 V) may create some electrical safety issues, inducing a current of a few mA if put in contact with the skin. In order to avoid electrical contact with the skin, both the SiPMs and the LEDs boards were electrically isolated (refer to Sec. 1.1.1). Although conductive paths may arise in the insulator over time, the resistance of these paths rarely drops below the kΩ ranges, still preventing significant current flowing in the skin. In theory, although not directly implemented in the system reported in this manuscript, a surge protector may also be employed.
The soft and wearable optical probe was further tested in vivo at rest, where the system showed recording capabilities of signals, such as pulse modulation and Mayer waves, which, based on the similar intensity between these signals and the fNIRS BOLD effect, proved the recording capabilities of the system (Fig. 5) with an estimated SNR of ∼65 dB at the interoptode distances employed.
Importantly, the system was tested and compared to a commercial fiber-based system (ISS Imagent™, Champaign, Illinois) in the retrieval of the hemodynamic oscillations in response to a motor task (Fig. 6) . Using the metric of covariance between an ideal hemodynamic response to the task, which was extracted from the literature, 52 and the hemodynamic responses extracted using the two different systems, a correlation analysis and a Bland-Altman plot showed clear similarities between the SiPM-LED and the Imagent system (Fig. 7) , with no significant differences in the brain signals retrieved.
The results clearly showed the capabilities of SiPM sensors for fNIRS imaging and their possibility to represent future stateof-the-art detectors for flexible high-density optical neuroimaging. In fact, although the system reported here provided a limited number of optodes, it can be easily expanded relying on small LED and SiPM boards (∼1 cm 2 ) that require only a cable connection to the acquisition system. Scalp located light sources and highly sensitive semiconductor detectors may be of great help for expanding fNIRS as a neuroimaging tool and for integrating fNIRS with other scalp-based neuroimaging modalities, such as EEG, maintaining the characteristics of cheap, lightweight, and portable technology.
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